Recent evidence indicates that oligodendrocytes originate initially from the ventral neural tube. We have documented in chick embryos the effect of early ventralization of the dorsal neural tube on oligodendrocyte differentiation. Notochord or floor plate grafted at stage 10 in dorsal position induced the development of oligodendrocyte precursors in the dorsal spinal cord. In vitro, oligodendrocytes differentiated from medial but not intermediate neural plate explants, suggesting that the ventral restriction of oligodendrogenesis is established early. Furthermore, quail fibroblasts overexpressing the ventralizing signal Sonic Hedgehog induced oligodendrocyte differentiation in both the intermediate neural plate and the EM dorsal spinal cord. These results strongly suggest that the emergence of the oligodendrocyte lineage is related to the establishment of the dorso-ventral polarity of the neural tube.
Introduction
The three major cell types constituting the vertebrate central nervous system (CNS), neurons, astrocytes and oligodendrocytes, develop from neuroepithelial cells localized in the ventricular layer of the neural tube, in highly stereotyped spatio-temporal patterns. To understand the mechanisms by which these cell types are specified, it is necessary to define the signals that irreversibly determine multipotential neuroepithelial precursor cells towards a specific cell phenotype. Unlike the various neuronal types, which are located in specific brain and spinal cord areas, oligodendrocytes, the myelinating cells of the CNS, are distributed throughout the entire nervous system. However, recent work indicates that their precursor cells may not originate from all areas of the neuroepithelium, but are produced in specific CNS regions. For ex-* Corresponding author. Tel.: +33 61 55 64 23; fax: +33 61 55 65 07; e-mail: soula@cict.fr ample, the optic stalk, neuroepithelial anlage of the optic nerve, appears initially unable to generate oligodendrocytes (Small et al., 1987; Giess et al., 1992) , and it has been proposed that oligodendrocyte precursor cells populating the optic nerve later in development migrate into the nerve from extrinsic sources (Small et al., 1987) .
In the embryonic spinal cord, several lines of evidence also suggest that oligodendrocyte precursor cells may be produced in spatially limited regions. Separate cultures of the ventral and dorsal regions of the El4 rodent (Warf et al., 1991; Timsit et al., 1995) or of the E4 chick spinal cord (Ono et al., 1995; Trousse et al., 1995) have shown that cells with the ability to generate oligodendrocytes are restricted to the ventral region of the spinal cord, the alar plate being, at these stages, unable to produce significant numbers of myelin-forming cells. This initial ventral restriction of the oligodendrogenic potential is paralleled by a similar ventral localization of the expression of early markers of the oligodendrocyte lineage. At El3-El4 in rodent embryos, mRNAs coding for the a-receptor for platelet-derived growth factor (PDGF), the enzyme cyclic nucleotide phosphodiesterase (CNP), the DM20 isoform of proteolipid protein (PLP) are detected in a small subpopulation of neuroepithelial cells located in the basal plate (Pringle and Richardson, 1993; Yu et al., 1994; Timsit et al., 1995) . Similarly, in the E6 chick embryo, the expression of an epitope expressed by oligodendrocyte precursor cells and recognized by the 04 antibody, appears initially restricted to narrow columns of ventricular cells, located ventrally in the trunk neural tube (Ono et al., 1995) . At subsequent stages, cells expressing these markers appear in the mantle and marginal layers, increase in number and populate progressively more dorsal regions of the spinal cord. However, a similar expression of oligodendrocyte phenotypic traits has not been detected in dorsal ventricular cells. Taken together, these and other observations have led to the idea that spinal cord oligodendrocytes have a ventral origin, and migrate subsequently into the entire spinal cord (Waif et al., 1991; No11 and Miller, 1993; Yu et al., 1994; Ono et al., 1995) . This contention has been recently questioned by the results of experiments tracing the origin of oligodendrocytes in the avian spinal cord, based on the construction of quail-chick chimeras (Cameron-Curry and Le Douarin, 1995) . In this study, oligodendrocytes populating the dorsal and ventral spinal cord were found to originate from both basal and alar plates, indicating that the dorsal neuroepithelium also contributes to generate cells of the oligodendrocyte lineage. However, the time of origin of the dorsally-borne oligodendrocytes was not addressed in this study, leaving open the possibility that dorsal sources appear later in development, relaying the initial ventral foci of oligodendrocyte progenitors. One attractive possibility to explain the initial ventral restriction of oligodendrocyte precursor cells is that the development of the oligodendrocyte lineage would be first controlled by ventrally derived cues. The role of ventral environmental influences on the establishment of the dorso-ventral polarity of the neural tube and on the specification of several neural cell types has been well documented in recent years. Both notochord and floor plate, a specialized subset of ventral midline neural tube cells, play a critical role in defining the identity and position of different neuronal subpopulations in the neural tube Yamada et al., 1991 Yamada et al., , 1993 Hynes et al., 1995b) . In particular, when grafted on top of the neural tube, both notochord and floor plate tissues induce the development of ventral cell types, including floor plate cells and motor neurons, in dorsal position (van Straaten et al., 1985; Smith and Schoenwolf, 1989; Yamada et al., 1991) . A protein encoded by Sonic Hedgehog (Shh), a vertebrate homologue of the Drosophila segment polarity gene hedgehog (hh), has been recently shown to induce the differentiation of early neuroepithelial cells into ventral cell types, including floor plate and motor neurons (Echelard et al., 1993; Roelink et al., 1994 Roelink et al., , 1995 Hynes et al., 1995a; Marti et al., 1995) . Furthermore, Shh is expressed by cells of the notochord and floor plate, for a time period corresponding to that during which these tissues express ventral inductive properties (Marti et al., 1995) . Thus, signals from the notochord and floor plate, including SHH, may also induce ventral neuroepithelial cells, directly or indirectly, to develop along the oligodendrocyte lineage. Such a possibility is strengthened by our recent experiments showing that dorsal explants from the E4 chick spinal cord, which do not normally produce oligodendrocytes in culture, became able to rapidly generate numerous oligodendrocytes when cocultivated with notochord or floor plate explants (Trousse et al., 1995) . This indicates that, at least in vitro, E4 dorsal spinal cord cells are in fact competent to produce oligodendrocytes, but require an appropriate ventral signal to do so.
In the present study, we have asked whether oligodendrogenesis is also controlled in vivo by ventral inductive signals produced by notochord and floor plate tissues. In addition, we have tested the possible oligodendrocyte inductive effect of SHH on early and late neuroepithelial cells. We show that ventralization of the dorsal neural tube by early grafts of notochord and floor plate tissues modifies the normal pattern of oligodendrogenesis, resulting in the induction of cells of the oligodendrocyte lineage in the dorsal spinal cord. This inductive effect was specific of the notochord and floor plate tissues, as somitic mesoderm was unable to modify oligodendrocyte differentiation.
Oligodendrocytes did not differentiate in isolated explants of the intermediate neural plate, but developed in large numbers in stage 9-10 medial neural plate explants, indicating that the ventral restriction in the oligodendrocyte potential is established early and that the notochord is not absolutely required beyond stage 10 for the development of the oligodendrocyte lineage. Quail fibroblasts overexpressing SHH were able to induce oligodendrocyte differentiation in neural tissue, not only in intermediate neural plate explants, but also in E4 dorsal spinal cord tissue, indicating that the competence of neural precursor cells to respond to the ventralizing signal extends late in development. Taken together, our results strongly support the idea that the specification of the oligodendrocyte lineage depends, at least initially, on ventral inducing signals, including SHH.
Results
In this study, cells of the oligodendrocyte lineage were identified using 04 and OL-1 monoclonal antibodies. 04 antibody is known to recognize both an unidentified antigen called 'proligodendroblast antigen' (POA) in progenitor cells and later, a sulfatide at the surface of differentiating oligodendrocytes (Bansal et al., 1992; Ono et al., 1995 (Ono et al., 1995) . Strong evidence suggests that these cells represent precursors for at least part of the oligodendrocyte population which, later on, populate the entire spinal cord (Ono et al., 1995) . OL-1 antibody recognizes a sulfatide epitope and is a specific marker for differentiated, although still immature, oligodendrocytes (Ghandour and Nussbaum, 1990; Giess et al., 1992) .
Expression of oligodendrocyte markers in the developing chick spinal cord
Our own observations of stage 29 (E6-E6.5) normal embryos stained with 04 antibody confirmed the findings of Ono et al. (1995) . At this stage, on transverse sections at the thoracic level, 04 expression was ventrally restricted. It must be pointed out that the 04 epitope is a membrane marker, and, at least in vivo, the 04 antibody does not always clearly delineate cell bodies. Instead, 04 immunoreactivity often appeared as punctiform deposits of immunofluorescent material, especially in neuroepithelial cells of the ventricular layer. Despite this limitation, some 04+ cells, with the morphology of neuroepithelial cells, could be readily identified within the ventral ventricular zone. As previously described, they were arranged in two symmetrical foci, on each side of the ventricle, a few cell layers above the floor plate. In addition, other immunoreactive cells were found extending ventrally from this site towards the ventral marginal zone (e.g. see Fig. 1D ). At stage 31 (E7), similar foci of 04+ cells were found in the ventral ventricular zone, but more numerous cells were observed in the ventral marginal zone. In addition, immunoreactive cells presenting an elongated, radial morphology were detected in the lateral marginal zone, but altogether, no immunoreactive cells were ever encountered more dorsally than the sulcus limitans (Figs. 2C and 5C). At stage 32 (E7.5), the population of 04+ cells continued to increase in the lateral and ventral marginal zones and cells were also found in the intermediate zone. For the first time at this stage, a few 04+ cells were found in the dorsolateral marginal zone, slightly above the sulcus limitans. Finally, it is important to emphasize that at all these stages, 04+ cells were never found in the medial and dorsal regions of the ventricular zone.
OL-1 immunoreactivity was not detected before stages 36-37 (ElO-Eli).
At this time, OL-1+ cell bodies were not identified, but punctated OL-1 immunoreactivity was detectable in the most medio-ventral part of the marginal zone. Expression of the OL-1 epitope increased from this time onwards in the ventral marginal zone and subsequently in the lateral marginal zone (Fig. 7A) . OL-1 immunoreactivity was initially detected in the medio-dorsal marginal zone at stage 39 (E13), and was found as a few small spots of immunoreactive material (Fig. 7AC ). In no case did the OL-1 antibody ever stain cells in the ventricular zone. For this reason, the 04 antibody was used in the following series of grafting experiments.
Induction of dorsal, ectopic 04+ cells by notochord grafts
To determine whether ventralization of the dorsal spinal cord could alter the pattern of early oligodendrogenesis, described above on the basis of 04-immunoreactivity, segments of notochord, 4-6 somites in length, were grafted in dorsal position at stages 8-10. Embryos were fixed at stages 29-31, and transverse serial cryostat sections were analyzed. Results are summarized in Table 1 . In six embryos, the grafted notochord could be identified using Not-l antibody as a specific marker (Figs. 1B and 2B) . In five of these, it was striking to observe that the normal pattern of 04 expression described above was dramatically changed, as evidenced by the appearance of 04+ cells in the dorsal spinal cord region. In two embryos fixed at stage 29, the grafted notochord elicited the appearance in the dorsal position of immunoreactive ventricular cells, displaying the typical neuroepithelial morphology. Their arrangement was in a mirror image to that of the ventral foci, i.e. they formed two small groups, located on each side of the ventricle (Fig. lB,C) . In addition, a few 04+ cells with elongated morphology were seen in the intermediate zone, laterally to these ventricular cells (Fig. 1C) . It must be pointed out that dorsal 04+ cells were always located underneath the grafted notochord, indicating a restricted, local effect of the graft. Furthermore, 04+ cells were never found between these newly formed cells and the group of oligodendrocyte progenitors developing ventrally (Fig. lB,C) , thus ruling out the possibility that dorsal 04+ cells would have migrated from distant, ventral locations. In three embryos fixed at stage 31, 04+ cells, with the elongated morphology of neuroepithelial cells (Fig. 2F) were again found in bilateral groups in the dorsal ventricular zone (Fig. 2D ). In addition, immunoreactive cells, more numerous than at stage 29, were observed in the most dorsal intermediate zone, streaming from the dorsal ventricular foci towards the graft. Some of them were also found in the dorsal marginal zone (Fig. 2D,E) . In all these cases, the pattern of 04 immunoreactivity in the ventral part of the spinal cord remained undisturbed (Fig. 2D) , indicating that the notochord graft did not simply result in an enlargement of the ventral foci of oligodendrocyte precursors. Although the technical approach used in this study precluded any precise counting of dorsally induced cells, their numbers were highly significant compared to the numbers of immunoreactive cells in the ventral region (e.g. see Fig. 2D ). In one case, in which the entire spinal cord was analyzed section by section, 04+ ventricular cells were found along a segment of about 750pm. This length is equiva- lent to that of the grafted notochord, indicating a strictly local inducing effect on ventricular neuroepithelial cells. Interestingly, however, 04+ immunoreactive cells were still found in the dorsal intermediate and marginal zones in sections taken up to 1100 pm rostrally and caudally to this segment, suggesting that dorsally induced cells underwent extensive migrations in both rostra1 and caudal directions. In sections taken further away from these regions, the dorsal spinal cord was entirely devoid of 04+ cells, displaying the normal pattern of 04 expression found in control embryos.
To verify whether these modifications in the pattern of 04 expression were accompanied by the induction of ventral cell types in the dorsal spinal cord, as regularly observed after dorsal notochord grafts (van Straaten et al., 1985; Smith and Schoenwolf, 1989; Yamada et al., 1991) 04-stained sections were counterstained with SC1 antibody. At stages 29-3 1, SC1 antibody still stains floor plate cells and motor neurons to the exclusion of other spinal cord cell types (Tanaka and Obata, 1984 ) (see Fig.  3A ). In those five embryos in which 04+ cells were found in the dorsal ventricular zone, groups of ectopic floor plate cells could also be found in dorsal position, immediately beneath the grafted notochord (Fig. 3B,D) . In addition, two large bilateral groups of motor neurons, evidenced by their morphology and SC1 staining, were also found in the dorsal region of these embryos (Fig.  3B,D) . The normal development of the host floor plate and motor neurons was not disturbed at the level of the graft (Fig. 3C ). In one case, although the grafted notochord could be found at the dorsal aspect of the spinal cord, dorsal induction of ventral cell types was not observed (Table 1) . It is interesting to note that in this embryo, the pattern of 04 expression remained unchanged and 04+ cells were not observed in dorsal position.
Floor plate grafts also induce 04+ cells in dorsal position
In a parallel set of experiments, grafts of floor plate tissue in dorsal position were performed as another means of ventralizing the dorsal neural tube Yamada et al., 1991) . Floor plate segments, removed from stage 22-23 embryos, were grafted in dorsal position at stages 8-10, and the grafted embryos were fixed at stages 30 and 3 1. The grafted tissue could be retrieved in six embryos, as evidenced by SC1 staining (see Table I ). In transverse sections, it appeared as a small rounded mass of tissue surrounding a tiny lumen ( Fig.  4D ), as previously reported . In four embryos, the implanted floor plate tissue elicited the appearance of ectopic 04+ cells, both in the dorsal part of the ventricular zone and in the dorsal intermediate zone located underneath the graft (Fig. 4B ,C,F). Compared to notochord grafts, no significant differences were observed in the morphology and localization of the dorsally induced 04+ cells, except that they appeared less numerous, especially in the ventricular zone, suggesting that the induction was less pronounced. In embryos fixed at stage 30, 04+ cells were found as isolated foci, and we did not observe cells migrating from the ventral spinal cord, again demonstrating that the dorsal cells were locally induced. At stage 3 1, however, immunoreactive cells populating the dorsal intermediate zone were found in dorsal regions located rostrally and caudally to the grafted area and devoid of 04+ neuroepithelial ventricular cells, suggesting, as in notochord grafts, an anteroposterior dispersion of the induced cells (Fig. 4G ).
As expected, counterstaining the sections with SC1 antibody demonstrated the induction of supernumerary, ectopic floor plate cells and motor neurons (Fig. 4D,E) . In two embryos, however, induction of ventral cell types failed to occur, and interestingly, as seen above for a notochord graft, 04+ cells were not observed in dorsal position (Table 1) .
Graft of somites does not induce dorsal 04+ cells
Previous experiments in vitro indicate that the effect of notochord and floor plate tissue in inducing oligodendrocyte differentiation in the E4 dorsal spinal cord is specific and cannot be obtained with other tissues of mesodermal origin, including somites (Trousse and Cochard, unpublished results) . In the present study, it was important to verify in vivo the specificity of the inducing effects obtained by notochord and floor plate grafts. Groups of 5-6 somites from the posterior level of stage 10 embryos were grafted in a row along the neural plate of host embryos of the same stage. 04 immunoreactivity was performed as above at stages 30-32. To verify the presence of the grafted somitic tissue, some sections were stained with the MF20 monoclonal antibody, directed against meromyosin, which labels myoblasts developing from the myotomes (Fig. 5A ). In three embryos, the grafted region could be easily recognized, either by the presence of middorsally located groups of myoblasts expressing MF20 (Fig. 5B) , or because the development of the cartilaginous neural arch was obliterated. In all these embryos, the pattern of 04 immunoreactivity was totally undisturbed (Fig.  5D ), compared to sections from normal embryos (Fig.  5C ), and dorsally located 04+ cells were never observed (Table 1 ). This demonstrates that the induction of 04+ cells in the dorsal spinal cord does not simply result from a non-specific response of neural tube tissue to the early grafting procedure. In addition, it suggests that the notochord and floor plate inducing effect is specific of these ventral structures.
Notochord andfloor plate grafts induce an oligodendrogenic potential in the dorsal spinal cord
The experiments detailed above indicate that dorsal implantation of notochord or floor plate tissue induces the As already reported (Trousse et al., 1993 , oligodenexpression of the 04 antigen in a subpopulation of dorsal drocytes totally failed to differentiate in all explants cultiventricular cells and in cells located in the dorsal intervated from the dorsal spinal cord of E4.5 normal embryos mediate zone. To verify that the induced 04+ cells found ( Fig. 6A ), despite extensive neuronal differentiation, as at E7 in dorsal position are indeed oligodendrocyte prejudged from the large neuritic halo surrounding individual cursors and differentiating oligodendrocytes, the potential explants. In marked contrast, numerous OL-1+ cells, with for oligodendrocyte generation of the grafted dorsal spithe typical morphology of immature oligodendrocytes nal cord was assayed in vitro as described in Section 4.
( Fig. 6D) , differentiated in all cultures of dorsal spinal First, segments of notochord or floor plate were grafted as cords that received a notochord graft (Fig. 6C) . Cell above at stage 10, and the embryos were incubated until counts demonstrated a strong oligodendrocyte induction they reached stage 24 (E4.5). At this time in normal de-(from 10 up to 100 OL-1+ cells per explant) in 61% of velopment, the potential for oligodendrocyte generation is the explants (n = 44). Seventeen explants remained withstill confined to the ventral spinal cord, the dorsal spinal out oligodendrocytes, which is not surprising, since the cord being unable to generate oligodendrocytes in vitro dorsal tissue was prepared from a region larger than that (Ono et al., 1995; Trousse et al., 1995) . Small explants of the graft to ensure adequate explant density in culture prepared from the grafted dorsal spinal cord tissue and wells. As expected, ventral explants excised from the from the corresponding ventral spinal cord were cultigrafted spinal cords elaborated numerous oligodendrovated for 10 days. Control cultures were established in cytes (from ten to several hundreds of oligodendrocytes parallel with dorsal tissue dissected from spinal cord areas in 76% of the explants; n = 55) (Fig. 6B) . Similarly to the located away from the graft and also from dorsal spinal above results, cultures of dorsal spinal cord explants from cord regions of normal embryos. The presence of olifloor plate grafted embryos also displayed oligodendrogodendrocytes was documented using OL-1 antibody cyte differentiation, whereas control cultures remained (Ghandour and Nussbaum, 1990; Giess et al., 1992) . totally negative (data not shown). These experiments clearly demonstrate that E4.5 dorsal spinal cords that received at El.5 a notochord or floor plate graft have acquired the ability to generate oligodendrocytes in vitro, while dorsal spinal cords from normal embryos or from non-grafted areas of operated embryos remained totally unable to do so.
Notochord grafts stimulate oligodendrocyte development in the dorsal spinal cord
To determine the long term effects of notochord and floor plate grafts on the pattern of oligodendrogenesis, seven grafted embryos (five notochord and two floor plate grafts) were allowed to develop until stage 37-40 (El l-E14). Transverse sections, made at the level of the graft and at levels located far rostra1 and caudal to the graft, were stained with 04 antibody (five embryos, fixed between stages 37-39) or with OL-1 antibody (two embryos, fixed at stages 3940) ( Table 1 ). In sections taken from levels located outside the graft, both the morphology of the spinal cord and the pattern of 04 or OL-1 expression were comparable to those of normal embryos of the same stage. At stages 37-39 for 04 antibody, or at stages 3940 for OL-1 antibody (Fig. 7A) , immunoreactivity was dense in the ventral marginal zone, more dispersed in the lateral marginal zone, whereas just a few spots of immunoreactive material could be detected in the dorsomedial part of the spinal cord (Fig. 7C) . In marked contrast, in all cases at the level of the graft, the dorsal spinal cord displayed extended patches of 04 or OL-1 staining, indicative of the presence of large groups of differentiating oligodendrocytes (Fig. 7B,D) . In addition, the implanted tissue characteristically induced an enlargement of the spinal cord area located underneath the graft. These results indicate' that cells of the oligodendrocyte lineage induced dorsally by ventralizing signals persist in vivo at later stages and differentiate into oligodendrocytes, as judged by the expression of sulfatides recognized by 04 and OL-1 antibodies.
Oligodendrocyte differentiation in neural plate explants
To determine the time at which neural plate cells acquire the ability to produce oligodendrocytes, we assayed oligodendrocyte differentiation in neural plate explants isolated from stage 9-10 embryos. The caudal neural plate was dissected into a medial region, containing or not the prospective floor plate area, and an intermediate region, corresponding to the future lateral wall of the neural tube, as in Yamada et al. (1993) . The most lateral part of the neural plate, including the neural fold and corresponding to the future dorsal neural tube, was discarded. Explants were cultivated for 7 days on a collagen gel substratum, in medium containing only small amounts of serum (SFR14 plus 1% fetal calf serum (FCS)). Results are summarized in Table 2 . Culture of intermediate neural plate explants were entirely devoid of 04+ or OL-l+ cells, whereas medial neural plate explants containing the prospective floor plate area invariably produced large numbers of oligodendrocytes (Fig. 8) . Interestingly, medial neural plate explants lacking the floor plate produced very small numbers of poorly differentiated oligodendrocytes (Table 2) . These results indicate that the oligodendrocyte potential is confined from a very early stage to the ventral region of the neural tube. However, at this stage, the anlage of the ventral neural tube appears unable to generate large numbers of oligodendrocytes in the absence of the floor plate.
Sonic hedgehog induces oligodendrocyte development in neural plate explants
The period of expression of Shh in ventral midline tissues is tightly correlated with the period of inductive activity of these tissues (Marti et al., 1995) . The notochord loose its ability to induce motor neurons in neural plate tissue, together with Shh expression, by stage 25, and the floor plate after that stage (Yamada et al., 1993; Marti et al., 1995) . In the present experiments, oligodendrocyte induction was obtained with floor plate tissue taken from stage 22-23 embryos, while in our previous in vitro experiments (Trousse et al., 1995) , notochords from stage 23 (E4) were still able to promote oligodendrocyte differentiation in dorsal spinal cord tissue. Therefore, our results are compatible with the possibility that SHH could mediate the observed inductive effects. To test this possibility, SHH effect was first documented on the intermediate neural plate, the anlage of the lateral spinal cord, of stage 9-10 chick embryos.
Cells expressing the complete SHH protein were established as previously described (Pourquid et al., 1996) , by infecting QT6 quail fibroblasts with a retrovirus engineered to overexpress the full-length chick SHH protein (RCASBP-SHH), a generous gift of Drs. R. Riddle and C. Tabin (Riddle et al., 1993) . These cells will be referred to as QT6-SHH. Intermediate neural plate explants were cultivated in contact with aggregates of QT6-SHH cells, on collagen gel substrata, in order to position precisely side by side the neural plate explants and the fibroblast aggregates. They were fixed after 7 days, stained with 04 or OL-1 antibodies, and counterstained with QCPN antibody to reveal the position of quail fibroblasts. In all cases (n = 9), 04+ and OL-1+ cells were found in or around the cocultivated explants (Fig. 9A) . The numbers of oligodendrocytes produced in each explant were small (1 O-50, mean number = 20), however, compared to those found in medial neural plate explants (see Table 2 ) or in lateral neural plate explants cocultivated with a segment of stage 10 notochord (around 100-300, data not shown), suggesting that in our conditions, oligodendrocyte induction was less pronounced than that occurring naturally in the neural plate. In control cultures (n = 9), in which neural plate explants were positioned in contact with noninfected QT6 fibroblasts, oligodendrocytes were entirely absent (Fig. 9B) , thus demonstrating that the induction was mediated by SHH.
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Sonic hedgehog induces oligodendrocyte development in dorsal spinal cord explants
We have previously shown that at stage 23 (E4), the dorsal spinal cord, when isolated in vitro, is unable to produce oligodendrocytes but can be stimulated to do so by notochord and floor plate tissues (Trousse et al., 1995) . At such a late developmental stage, induction of oligodendrocyte differentiation might involve other signaling molecules than those required at early stages of nervous system ontogeny. To document whether this effect could also be mediated by SHH, cocultures of QT6-SHH fibroblasts and stage 23 chick dorsal spinal cord explants were established with the same protocol as above, except that about 15 separate cocultured explants were placed per coverslip and that cultures were maintained for 9 days. In nearly all cultures (28 out of 30) QT6-SHH cells induced the differentiation of oligodendrocytes (Fig. 10A ). Oligodendrocytes were more numerous than in neural plate experiments (from 50 up to several hundreds), possibly because more QT6-SHH aggregates were placed per coverslip. They were often found forming a ring around dorsal explants and some had migrated on the surface of both the dorsal explants and QTGSHH aggregates. Oligodendrocyte differentiation was found not only in dorsal explants associated in direct contact with QT6-SHH aggregates but also in those that settled at a distance from them, suggesting a diffusible effect. Control QT6 fibroblasts totally failed to induce oligodendrocytes in all cultures (n = 8) of E4 dorsal tissue (Fig. lOB) , again demonstrating that the induction was due to Sonic Hedgehog.
Taken together, these results demonstrate that Sonic Hedgehog mimics the effect of the notochord and floor plate, even at late developmental stages, and thus strongly suggest that oligodendrocyte induction in all the situations assayed so far could be mediated by this factor.
Discussion
The specification of several cell types in the CNS has been shown to be directed by local inductive processes. Both notochord and floor plate have an instructive role in establishing cell phenotypes along the dorso-ventral axis of the neural tube (for reviews see Jesse11 and Dodd, 1993; Smith, 1993; Placzek, 1995) . They both produce the protein SHH, currently considered as a mediator of inductive signaling in the neural tube (for review see Roelink et al., 1996) . In the present report, we have documented the effects of notochord and floor plate tissues and that of SHH on the development of cells of the oligodendrocyte lineage. We show that notochord or floor plate induce oligodendrocyte differentiation in the dorsal spinal cord. In addition, SHH, overexpressed by a fibroblast cell line, also induces oligodendrocyte development in early neural plate and dorsal spinal cord tissues. Therefore, the inductive activities of notochord and floor plate do not appear restricted to the specification of neuronal cell types but also to affect the development of glial cells.
The results of the present grafting experiments complete our previous in vitro experiments (Trousse et al., 1995) , showing that notochord and floor plate stimulate oligodendrocyte differentiation in E4 dorsal spinal cord tissue. The fact that somitic mesoderm, which is unable to induce motor neurons (Yamada et al., 1993) and -oligodendrocytes in vitro (Trousse and Cochard, unpublished data) also failed to induce 04+ progenitors in dorsal position after transplantation in vivo, indicates that the observed induction is specific to the notochord and floor plate. In all the grafted embryos, induced oligodendrocyte progenitors were always found in the dorsal spinal cord together with ectopic floor plate cells and motor neurons, but they could not be detected in cases where induction of these ventral cell types failed to occur. This further confirms that ventralization of the dorsal neural tube induces the development of cells of the oligodendrocyte lineage. Our previous in vitro experiments indicated that at E4, the oligodendrocyte potential is restricted to the ventral spinal cord, the dorsal spinal cord being unable to generate oligodendrocytes (Trousse et al., 1995) . Here, we show that such a ventral restriction is already apparent very early on, since medial neural plate explants from stage 9-10 embryos cultivated without the notochord produced numerous oligodendrocytes, whereas intermediate neural plate explants did not. This also indicates that the notochord is not required beyond this developmental stage for the development of the oligodendrocyte lineage. It must be pointed out that when the prospective floor plate area was not included in the medial neural plate preparation, very few oligodendrocytes developed. Thus, at least in culture, induction of the oligodendrocyte lineage may not be complete at stage 10, and ongoing inductive signals from the floor plate may be responsible for promoting oligodendrocyte differentiation.
Our finding that the SHH protein produced in the vicinity of cocultivated neural explants promoted the differentiation of oligodendrocytes strongly suggests that the factors involved include at least this signaling molecule. This also extends the number of cell types that such a molecule is capable of inducing. Interestingly, the effect of SHH was not restricted to early neural plate tissue, since oligodendrocyte differentiation was also strongly induced in dorsal spinal cord tissue from E4 embryos, demonstrating that dorsal spinal cord cells at this stage are still competent to develop along the oligodendrocyte lineage. In turn, it also indicates that the competence of neu- ral tissue to respond to such signaling molecules extends much beyond the early stages in nervous system development. The expression of SHH is not restricted to the trunk neural tube, but is also found in cells of the ventral midline of the embryonic forebrain (Echelard et al., 1993; Krauss et al., 1993; Roelink et al., 1994) . Brain oligodendrocytes are also thought to originate from the same ventral regions (Pringle and Richardson, 1993; Timsit et al., 1995) . Therefore, it is possible that SHH might be responsible for specifying the oligodendrocyte lineage also in these brain regions.
Oligodendrocytes may be specified in the spinal cord by two different mechanisms. The notochord and/or floor plate tissue may act in a direct fashion on undetermined neuroepithelial cells, possibly via the SHH protein. Since different types of neurons are also induced by the SHH protein (Roelink et al., 1994 (Roelink et al., , 1995 Ericson et al., 1995; Marti et al., 1995) , the competence of neuroepithelial cells to respond to inductive signals must be critical in defining the phenotype adopted by a given precursor cell. In the spinal cord, motor neurons differentiate much earlier than oligodendrocytes.
In the chick embryo, spinal motor neurons are born between stages 14 and 32 Table 2 Oligodendrocytc differentiation in stage 9-10 neural plate explants (Holliday and Hamburger, 1977) . Thus at the time of initial oligodendrocyte differentiation (stage 29-30; Ono et al., 1995 , and the present results) most motor neurons have already been produced. Therefore, ventricular neuroepithelial cells might change, as development proceeds, their range of competence to a given signal, by cellintrinsic, possibly lineage-related, mechanisms or by changes in their environment. Alternatively, oligodendrocyte specification may be mediated indirectly by the notochord and floor plate, through the initial induction of other ventral cell types which in turn would be responsible for eliciting oligodendrocyte development. Floor plate cells and motor neurons, both induced by the SHH protein, are among the most obvious candidates for mediating such an indirect effect. It has been clearly established that neural tube cells are no longer competent to form floor plate cells after stages 15-18 (E2.5) (van Straaten et al., 1985; Placzek et al., 1990 not found when motor neurons failed to be induced. Therefore, motor neurons might be responsible for specifying oligodendrocytes. It is noteworthy that motor neurons develop in close proximity to the ventral spinal cord area where oligodendrocytes first appear, and retroviral lineage analysis in the embryonic chick spinal cord suggests that motor neurons and oligodendrocytes may be generated by a common precursor cell (Leber et al., 1990) . If this is the case, it implies that motor neurons should have been generated by the SHH protein in I?4 dorsal spinal cord tissue. Whether or not this tissue is still competent to form motor neurons remains to be determined, since neural plate tissue aged in vitro to a stage corresponding to E3.5 has lost its ability to form motor neurons in response to floor plate conditioned medium (Yamada et al., 1993) .
Comparison of the oligodendrogenic potential between the ventral and dorsal spinal cord regions in chick (Ono et al., 1995; Trousse et al., 1995) and rodent (Warf et al., 1991; Timsit et al., 1995) embryos has shown that the initial inability of the dorsal spinal cord to produce oligodendrocytes is transient. In the chick embryo, it does not extend beyond E6 (Ono et al., 1995 , and our own unpublished results). The appearance in the dorsal spinal cord at later stages of an oligodendrogenic potential has been interpreted by assuming a ventro-dorsal migration of oligodendrocytes produced exclusively ventrally (Warf et al, 1991; No11 and Miller, 1993; Yu et al., 1994; Ono et al, 1995) . However, recent findings by Cameron-Curry and Le Douarin (1995) have challenged this view by demonstrating, in vivo, through the use of quaillchick chimeras, that oligodendrocytes are generated from both ventral and dorsal halves of the ventricular zone. In the latter study, however, the timing of determination of dorsally-derived precursor cells has not been investigated. The present study indicates that the specification of the oligodendrocyte lineage first occurs ventrally, through ventral signals, but secondary sites of oligodendrogenesis could be formed later on in the dorsal part of the neuroepithelium, by mechanisms which remain to be determined. In our grafting experiments, it is noteworthy that 04 expression in response to the inducing effect of notochord was only found in a small subpopulation of dorsal ventricular cells, reminiscent of the very restricted subpopulation of ventral ventricular progenitors expressing 04 immunoreactivity or other oligodendrocyte lineage markers (Pringle and Richardson, 1993; Yu et al., 1994; Ono et al., 1995; Timsit et al., 1995) . This indicates that only a restricted subset of dorsal neural progenitors may be able to respond to the inducing signals. In turn, it raises the possibility that a group of undetermined, latent progenitors, but expressing competence to generate oligodendrocytes, are present dorsally, waiting for the appropriate signal to differentiate in oligodendrocytes.
Our finding that E4 dorsal neural tube cells are still competent to generate oligodendrocytes after SHH stimulation is consistent with this possibility.
In conclusion, our results demonstrate that factors controlling the dorso-ventral polarity in the neural tube and responsible for the specification of neuronal types can also regulate glial cell determination, either by acting directly on neural progenitors, or secondarily by promoting the development of other ventral cell types, which in turn would induce oligodendroglial determination.
Experimental procedures

Dissections of tissues
Eggs (White Leghorn chicken), obtained from commercial sources, were incubated at 38°C until they reached the appropriate stage according to Hamburger and Hamilton (195 1) . The neural plate was dissected from embryos at stages 9-10. The embryo was pinned ventral side up on a Silgard-coated dish, incubated 15 min in 0.25% trypsin in Tyrode's solution. The endoderm and notochord were then peeled away and separate regions of the neural plate were progressively cut out using mounted needles, as in Yamada et al. (1993) . The median neural plate, including the prospective floor plate area, extended laterally about 50-80 pm on each side of the midline, and was about 300,~m in length. In some experiments the midline tissue was first dissected away. Intermediate neural plate was taken as the next piece of tissue neighboring the median neural plate, and was about 50pm in width, for 200-3OOpm in length, but it did not include the most lateral neural plate/neural fold region. The notochords were isolated from embryos at stages 9-10 as follows: the (A,B) . embryonic region corresponding to the level of the last six somites and extending caudally to Hensen's node was surgically excised and incubated for 20 min in a pancreatin solution (Gibco) diluted 1:4 in Tyrode's solution. Using fine needles, the notochord was freed from surrounding tissues and stored until use in serum-containing medium. Notochord segments were cut to the desired length just prior to grafting.
Floor plate explants were dissected from stage 22-23 embryos. Thoracic spinal cords were mechanically excised and, after opening the roof plate, were pinned down in Silgard-coated dishes filled with Tyrode's solution. Floor plate explants were then dissected using fine needles. Control culture experiments demonstrated that such explants were not contaminated by oligodendrocyte precursor cells (Trousse et al., 1995) . 1 week in culture, 100% QT6 cells were infected. Confluent cultures were transferred to bacterial grade Petri dishes. After 24-48 h, the cells formed compact aggregates that were used for coculture experiments. The SHHmediated inductive activity of the QT6 infected cells was assayed by grafting a pellet of cells in the anterior region of the developing wing bud of a stage 20 embryo. At ElO, the embryos were examined and duplications of digits were invariably observed (Riddle et al., 1993) . Uninfected control QT6 cells were assayed in parallel and did not produce any morphological modifications in wing bud development.
Explant cultures
Somites were isolated from the level of the last 3-4 somite pairs of stage 8-10 embryos, after pancreatin treatment of the caudal embryonic region. They were stored in serum-containing medium before grafting. Dorsal spinal cord explants were dissected from stage 23 (E4) embryos as previously described (Trousse et al., 1995) .
In all culture experiments, explants were cultivated on collagen gel-coated 12 mm plastic coverslips placed in 14 mm wells of four-well dishes (Nunc). Cultures were grown at 37°C in humidified air containing 5% CO*, in defined medium (SFR14, SFRI Laboratoire, France) supplemented with 1% FCS (Sigma).
Cultures of grafed dorsal spinal cords
After grafting, embryos were incubated until they 4.2. Dorsal grafts of notochord, floor plate and somites Host embryos were incubated until stages 8-10. Three ml of albumin were removed before exposing the embryo and a solution of India ink in Tyrode's solution was injected underneath the embryo in order to visualize it. The vitelline membrane was incised and the notochord, floor plate or somite explants were placed along the dorsal midline of the neural plate. The most rostra1 position of the graft was positioned at the level of the last segmented somite. Embryos were then incubated at 38°C until they reached stages 29-32 (E6-E7.5) or stages 37-40 (Ell-E14). At the appropriate time, a large embryonic region surrounding the grafted area was dissected, including muscles and vertebrae, fixed in 3.7% formaldehyde in PBS for 6 h at 4°C and infiltrated in 30% sucrose for 3 days at 4°C. Serial frozen sections, 16pm in thickness, were cut and collected on gelatin-coated glass slides.
reached stage 23 (E4). Spinal cords were dissected in the region of the graft using sharpened needles. The grafted tissues, notochord or floor plate, were mechanically excised. The dorsal (one third of the total height of the spinal cord) and ventral regions of the spinal cord were then separated and fragmented into small explants. In each experiment, non-grafted dorsal tissue was used as negative control, since at this stage the normal dorsal spinal cord is unable to produce oligodendrocytes in vitro (Ono et al., 1995; Trousse et al., 1995) . These control explants were prepared either from normal embryos or from grafted embryos, by dissecting spinal cord areas located far away from the graft. Care was taken to adjust the numbers of grafted and control dorsal explants to a similar density. In most cases, about 50 explants were plated in each culture well. For culture wells containing grafted dorsal tissue, explants from 2-4 embryos were pooled to achieve appropriate explant density.
Production of infected QT6 cells 4.4.2. Cultures of neural plate and dorsal spinal cord explants and cocultures with QT6fibroblast aggregates
Infected QT6 cells were obtained according to a previIntermediate and medial neural plate explants were ously described procedure (Pourquie et al., 1996) . Briefly, grown individually in 14 mm wells of four-well dishes retroviral vector DNA (RCASD[BP]A) containing the (Nunc). For cocultures with QT6-SHH and control QT6 full-length chick Shh gene, a generous gift of Drs. R.
aggregates, neural tissue explants and fibroblast aggreRiddle and C. Tabin (Riddle et al., 1993) , was transfected gates placed together in 14 mm well dishes were manipuinto primary fibroblasts from O-line chick embryos (Biolated to associate each neural explant to l-3 fibroblast technology and Biological Sciences Research Council aggregate. After manipulation, they were left for a while Institute for Animal Health, Berks., UK). Culture superin the culture hood until explants adhered properly to the natant containing the viral particles was added to QT6 collagen gel substratum. Five hundred ~1 of medium was cells for a minimum of 6 h and then removed and rethen added to the culture wells and cultures were placed placed by FlO medium completed with 10% FCS. After to the incubator.
Immunojluorescence analysis
I. Antibodies
Cells of the oligodendrocyte lineage were identified using 04 or OL-1 antibodies. The monoclonal 04 antibody (a generous gift of Dr. R. Bansal) recognizes sulfatides at the surface of immature and differentiated oligodendrocytes (Sommer and Schachner, 1981; Bansal et al., 1989; Ono et al, 1995) , and the so-called 'proligodendroblast antigen', expressed before sulfatides by oligodendrocyte progenitors and early differentiating oligodendrocytes (Bansal et al., 1992) . OL-1 is a rat monoclonal antibody also directed against sulfatides at the surface of immature and mature oligodendrocytes (Ghandour and Nussbaum, 1990) . Floor plate and motor neurons were visualized with the monoclonal antibody SC1 (Tanaka and Obata, 1984) , a generous gift of Dr. de Lapeyriere. Striated muscles developing from grafted somites were visualized with the MF20 antibody which recognizes light mero-myosin (Bader et al., 1982) . Notochords were detected using the monoclonal antibody Not-l . Quail QT6 fibroblasts were recognized using antibody QCPN (from Drs. B.M. Carlson and J.A. Carlson; see Selleck and Bronner-Fraser, 1995) . The last three monoclonal antibodies were obtained from the Developmental Studies Hybridoma Bank, maintained by the Department of Pharmacology and Molecular Sciences at the Johns Hopkins University School of Medicine (Baltimore, MD) and the Department of Biology at the University of Iowa (Iowa City, IA) under contract number NOl-HD-2-3144 from the National Institute of Child Health and Human Development.
Immunojluorescence staining
Cryostat sections (16pm) from grafted embryos and from normal embryos at similar stages were preincubated for 1 h in PBS containing 1% (w/v) lyophilized skimmed milk. Primary antibodies were applied overnight at 4°C. All antibodies were used as pure hybridoma supernatant, except the purified OL-1 antibody, which was used at a 1~50 dilution. Sections were rinsed and incubated for 30 min with biotinylated secondary antibodies directed against mouse Ig for 04, Not-l and SC1 antibodies or directed against rat Ig for OL-1 antibody (Amersham, diluted 1:50). Biotinylated antibodies were revealed by incubation for 15 min with fluorescein isothiocyanatecoupled streptavidin (Amersham, diluted 1:50). Antibodies 04, Not-l and MF20 were applied on separate, neighboring sections. In some cases, however, immunohistochemistry was performed sequentially: 04 or OL-1 antibodies were first applied to detect cells of the oligodendrocyte lineage. After analysis of results, sections of interest were then counterstained with SC1 antibody to verify the induction of ventral cell types, floor plate and motor neurons, and, in the case of floor plate grafts, to reveal the presence of the grafted floor plate.
Cultures were fixed for 30 min with 3.5% formaldehyde in PBS and stained with 04 and OL-1 antibodies as previously described (Giess et al., 1992) . For cocultures with QT6 fibroblasts, cultures were first stained with the anti-oligodendrocyte antibody (04 or OL-1), revealed with the appropriate FITC-conjugated antibodies, and counterstained with QCPN antibody. Dilutions of antibodies were the same as above.
Sections and cultures were analyzed with a Zeiss confocal microscope, equipped with Argon and helium-neon lasers and appropriate filter combinations for fluorescein and rhodamine, respectively. For three dimensional cultured explants, the extended depth of focus feature of the confocal microscope was used to image the full thickness of the preparation. Images were recorded on a computer as 512 X 512 pixel files and printed on a high resolution color printer (Tektronic Phaser 340).
